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FOREWORD

This final report of the Advanced rropulsion Systems Concepts for Orbital
Transfer Study was prepared by the Upper Stages and Launch Vehicles
Preliminary Design organization of the Boeing Aerospace Company (BAC) for the

National Aeronautics and Space Administration's George C. Marshall Space
Flight Center in accordance with Contract NAS8-33935. The study was conducted

under the direction of the NASA study manager, Mr. William Galloway, during
the period from July 1980 through July 1981. The final report is organized

according to the following three documents:

Volume I: Catalog of Advanced Propulsion Concepts
Volume II: Study Technical Results

Volume III: Life Cycle Cost Estimates
Key personnel during the performance of this study were:

Dr. Dana G. Andrews — Study manager, responsible for nonelectric
concepts

Mr. Don Grim - Deputy study manager, responsible for electric

vehicle concepts

Supporting personnel during this study were:

Structures and Weights R. T. Conrad

Electrical Power R. J. Gewin

Systems Analysis E. E. Davis and R. P. Reinert
Cost and Programmatics J. C. Jenkins

Constructive Criticism V. A. Caluori
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1.0 INTRODUCTION

The ability to transfer payloads in space is fundamentally dependent on
the capability to control and apply energy. The practicality of any
propulsion concept is determined by the size, mass, efficiency, and cost of
the method of energy conversion from 1its initial form; such as
high-temperature combustion gases or high-energy nuclear reactions, to the
production of force or thrust. The historical dependence of aeronautical
transportation progress on advancements in propulsion technology has its
analog in space also. The hydrogen-oxygen rocket engine is now about 20 years
old. Its latest application in the space shuttle orbiter requires that its
near ultimate in theoretical potential be realized ‘in practical application,
especially with respect to efficiency and endurance. Although it is
reasonable to expect this performance can be achieved, it is also evident that
further progress in propulsion technology is highly desirable to more
efficiently perform current visualized future missions.

This study was established to examine alternatives to the hydrogen-oxygen
rocket, their availability, and their usefulness amd to estimate their cost
effectiveness as a replacement or partner for the chemical upper stage. The
study was divided into four tasks. The first, a survey and characterization
of possible advanced propulsion concepts, is covered in Volume I, Catalog of
Advanced Propulsion Concepts. In the remaining tasks, the propulsion concepts
found worthy of further development in Volume I were assessed as vehicles,
sized for our best prediction of future mission requirements, ard subjected to
life cycle cost estimates over a future operations scenario. Results of these
tasks are covered in Volume II, Study Technical Results. This volume contains
the detailed cost estimates and methodology to generate the life cycle costs
summarized in Volume II.
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2.0 COSTING APPROACH, METHOD, AND RATIONALE

2.1 Approach

Costing for this study was accomplished in two phases, corresponding to
the low mission model and a growth version called the high mission model.
Eight vehicles corresponding to eight different mission scenarios were costed
for the low model. The life cycle costs (LCC) were estimated for each
scenario and then compared to determine the relative worth of each advanced
propulsion concept.

Three of the eight vehicles were eliminated from the high model because
of indications they would be inferior to two of the remaining concepts. ICC's
for these remaining five concepts and their scenarios were then estimated for
the high mission model.

2.2 Work Breakdown Structure

The Work Breakdown Structure (WBS) used in this study is summarized in
Figure 2.2-1, displayed to level 3. It consists of three phases: DDT&E,
production, and operations. Within each of these phases there are separate
programs correspornding to each scenario (13 in all; 8 for the low model and 5
for the high model).

The DDT&E, production, and operations costs were estimated separately for
each of the 13 scenarios (programs). Figures 2.2-2 through 2.2-4 present the
full level 4 WBS. Each of the separate programs has the same level 4 WBS.

2.3 WBS Dictionary

Definitions for the WBS dictionary are found in Tables 2.3-1 through
2.3-4.
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Figure 2.2-2 OTV DDT&E Level 4 WBS
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Figure 2.2-3 OTV Production Level 4 WBS
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Figure 2.2-4 OTV Operation Level 4 WBS
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Table 2.3-1 Total Program Cost Definition

Cost Element
Designation

Total Program
Cost of Each
Advanced
Propulsion
System Scenario

Definition

This element is the total cost of an ad-
vanced propulsion system scenario. It is
the summation of the three major program

phases:

Cost Element Number Phase
1000 Design, Develop-
ment, Testing, and
Evaluation
2000 Production
3000 Operations

Included are all labor, material and over-
head required for the design, development,
fabrication, required assembly, testing and
operation of each OTV. Each Phase is fur-
ther subdivided into lower level cost
elements which represent specific program
tasks, functions, or hardware elements.
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2.4 Methodology

The cost methodology for developing estimates in this volumé is
summarized in Figure 2.4-1.

The primary tool for estimating DDT&E and production costs was the
Boeing-developed Parametric Cost Model (PCM). PCM develops costs £from
physical hardware descriptions and program schedules and allows the
integration of any known costs (or outside-generated costs, such as
subcontractor or vendor estimates) into the total estimate. In this way,
Boeing can assemble a program cost from the available source data.

Figure 2.4-1 is an overview of the PCM estimating method and illustrates
the source, type, and level of information handled and delivered from this
estimating process. As depicted, the customer establishes the scope of the
program relative to quantities, program time period, WBS structure, and
associated ground rules and assumptions. Contractor program planners amplify
the customer-furnished directives into a design, development, fabrication, _
test, and spares-philosophy required to support the implementation of the
program. These data, along with financial information relative to 1labor,
support, and overhead rates, are assembled on a PCM "global" level input sheet
that defines the program-level constraints that the cost model will work
within. To develop individual component hardware estimates, engineering and
manufacturing functionals describe the components that make up the subsystems.
This description requires a weight, hardware type, redundancz, hardening and
circuitry-type definition and an assessment of complexity, developmental
status, manufacturing process, and required quality control level. These
hardware data, in conjunction with programmatic-level global inputs, are
processed in the PCM cost model to generate cost estimates.

The PCM is a collection of relationships and factors, developed £from
Boeing's historical data base, consisting of man~hour and dollar data
contained in the Executive Information System (EIS). EIS is a company-wide
data bank providing raw information from which {in the case of PCM) functional
man-hour estimating relationships (MER) have been derived. These MER's relate
program inputs to the model's internal working logic. Each major functional
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area (project engineering, developmental shop, etc.) making up Boeing's
organization is represented and interrelated in the model. The functional
areas are ultimately expressed in terms of man-hours required to fulfill
program objectives and are converted to dollars using dollar-per-hour rates
and estimating factors appropriate for the time period of the estimate.

Inputs to PCM at the program level include consideration of the following
elements:'

Production quantity and rate

Schedule - too long, too short, nominal
Include or exclude Class I changes
Spares as a percent of hardware produced

Rates for engineering, developmental shop, manufacturing, quality

control, tooling '

Number of recurring sets of support equipment

e Flight test program support hours

e Support levels for system engineering, software, system test,
support equipment design and manufacturing, and tooling design

e Level of automation/mechanization/simplicity of end item final
assembly and checkout

e Level of developmental shop support to engineering and quality

assurance support to production

At the hardware 1level, inputs to PCM have been divided into the
categories of Boeing-built, vendor-furnished "thruput," and customer-furnished
thruput.

With customer-furnished thruput, costs are acknowledged and displayed but
not added to the total estimate; however, related integration and system test
effort is assessed and included in Boeing cost.

With vendor-furnished thruput (design and manufacture), quoted costs are
carried through by PCM without change; however, required integration and
system test effort related to vendor hardware is assessed and integrated into
Boeing cost.
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In order to estimate Boeing-built hardware, PCM considers the following
elements for both design and manufacture:

@ What hardware category best describes the item--mechanical,
electrical, electromechanical, propulsion?

® The basic parametric measure of the hardware—in this case, weight

@ The complexity factor to design/manufacture the hardware

® Program platform--space, missile, airplane, or ground hardware

® Electronics—discrete or integrated circuits

® Structural material

@ Operational environment--nuclear or nonnuclear

® Hardware redundancy

@ Learning curve applicable to the particular component (applies
to manufacturing only)

® Extent of using new hardware and/or existing hardware with

modifications
® Complexity of integrating components into system

PM-estimated cosés are all traceable back to standardized input forms,
through which configuration control is maintained. These sheets specify in
detail the engineering and manufacturing decisions relative to the design and
manufacturing processes of each hardware component and, therefore, provide
traceability of how the design has changed as it evolved.

Cost credibility is a function of (1) program and hardware definition,
(2) the depth of analysis which translates this definition into POM estimating
inputs, and (3) the ability of the estimating method to convert good inputs
into realistic cost estimates.

The PCM cost model has been validated with historical, actual Boeing cost
data for components of all four basic hardware categories. Variance analysis
has shown that the model will develop estimates within +23% at a one sigma
confidence level if the inputs are accurate.

Ground rules used for determining the DDT&E and production costs are
shown in Figure 2.4-2. The PCM cost inputs were based on costs generated in
Reference 1, and the engine powerplant costs come from the advocate data base.
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BOEING PCM USED TO ESTIMATE DDT&E AND PRODUCTION COSTS
FOR FLIGHT VEHICLES AND GSE

AIRBORNE SUPPORT EQUIPMENT(ASE)COSTS DERIVED FROM PHASE A COSTS
2.75 EQUIVALANT UNITS OF TEST HARDWARE (FLT. VEHICLES AND ASE)
2 SETS OF GSE INCLUDED IN DDT&E

ONE TEST FLIGHT INCLUDED IN DDT&E

FLIGHT TEST UNITS REFURBISHED FOR OPERATIONAL FLEET
10% INITIAL SPARES

90% PRODUCTION LEARNING CURVE ON STAGES

95% PRODUCTION LEARNING CURVE ON ENGINES

ENGINES/ POWERPLANT COSTS FROM ADVOCATE DATA BASE

Figure 2.4-2: DDT&E and Production Costing Groundrules
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DDT&E costs for the various advanced system scenarios were developed by-
treating each vehicle as a brand new vehicle with no off-the-shelf components
and no overlap between the chemical and advanced OTV's:. This assumption was
based on the fact that each vehicle is designed for different missions in the
two-vehicle scenarios.

Production phase costs were estimated for all OTV's plus the SDV's and
tankers in each scenario. Since the chemical and advanced stages were assumed
to have no common parts, they were priced on separate learning curves.

OTV operations costs were developed from several sources, with the Phase
A 0TV study (Ref. 2) providing most of the ground rules. For flight-related
costs, the largest item is the $2.9M per flight charge for mission-peculiar
software and data, which comes directly from the Phase A cost analysis. Other
flight-related operations costs are 1.3% of theoretical first unit (TFU) costs
per flight or operational spares and $100,000 per flight to purchase
propellant. Yearly costs are principally for facilities and manpower and
these were assumed to be $36M per year for the thermodynamic rockets and $38M
per year for the electrics. These costs include the charges for space-based
operations, ground operations, and sustaining engineering. There is a fixed
$30M per year charge for space-based operations (maintenance, fueling, payload
manifesting, etc.). This charge is the same for all concepts because all are
space based, all will require turnarourd in about the same length of time, and
all, except the chemical ABOTV, have unique handling problems which will cause
them to be remotely serviced from the LEO base.

Because no discriminators could be found between propulsion concepts with
respect to LEO base manpower and because the cost of LEC base operations is
still very tentative, a fixed yearly charge was assessed for operations and
sustaining engineering. The difference between the vyearly cost of the
high-thrust rockets amd the electrics is because the electrics have multiple
missions flying most of the time and need extra ground support. The basic
flight-related cost was $2.75M per flight——-the cost of mission software, data,
spares, and propellant for the chemical ABOTV. There was an additive cost for
expended equipment, which for the chemical ABOTV amounted to $0.5M for the
ballute and related hardware. For the other advanced propulsion concepts, the
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basic flight-related cost was multiplied by a complexity factor to denote the
estimated increase in mission complexity and spares costs. The solar ABOTV is
the only other concept with expendable equipment and the $1.3M per flight
adu...ve charge reflects the cost of the solar collector plus the kallute.

SDV operations costs were estimated to be $22M per launch using data from
Reference 1. Later data concerning the increased cost of solid propellant
indicate that $33M per launch might soon be a better number. Both launch
costs were used to determine the impact. Tanker operations costs were
estimated to be $1.5M per mission. STS operations costs are dependent upon
the payloads launched, which are the same for each system. A constant STS
operations cost of $1860M was estimated, assuming 64 shuttle launches would be
required to support OTV 'operations.

REFERENCES

1. Davis, E. E., "Future Orbital Transfer Vehicle Technology Study," Final
Report, Contract NAS1-16088, Boeing Aerospace Company, September 1981.

2. Caluori, V. A. et al, "Orbital Transfer Vehicle Concept Definition

Study," Final Report, Contract NAS8-33532, Boeing Aerospace Company,
D180-26090, wol. 1-6, 1980.
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[ .
. LY
- ) DOT&E 05,0/ IFY {30.8)
N ® FLIGHT HARDWARE DESIGN (369.5)
STRUCTURE 153 STRUCTURE as
THERMAL CONTROL 102 THERM. CON 06
AVIONICS n2 AVIONICS n1
. POWER 106 POWER a8
PROPULSION 2750 (1) PROPULSION 85
ATTITUDE CONTROL 12 ATT. CON. 09
BALLUTE 2.0 ASSY, & C/0 a
® SYSTEMS ENGRG. & INTEGRATION n8.2)
® INITIAL TOOLING a3y
® SYSTEMS TEST (202.9) MILLIONS OF 1380 DOLLARS
TEST HARDWARE 1285
TEST OPERATIONS oy VEHICLE CHARCTERISTY
STARTBURN MASS 48840 g
® ASE e PROPELLANT MASS 30500 kg
e GSE {18.9) BURNOQUT MASS 4340 kg
o SOFTWARE (193 VEHICLE THRUST 13200 N
o LIAISON/DATA 2 ENGINE Isp 435 me
* PROGRAM MANAGEMENT .3

(1) INCLUDES ADVANCED SPACE ENGINE AT $271 M DDT&E, $ 1.86M TFU

‘ Figure 3.1-1: SB LO,/LHy, OTV DDT&E and TFU Cost Estimate

=

=

Figure 3.1-2:

COST FROM LA—-5044-MS VOL. 1] (1972) UPDATED TO 1980

ENGINE COST $9m
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DOT&E (1048.8) hial} (48.4)
o FLIGHT HARDWARE DESIGN 1609.2)
STRUCTURE =6 STRUCTURE 83
THERMAL CONTROL e THERMAL CONTROL 1.0
AVIONICS 22 AVIONICS 1.1
POWER 106 POWER s
PROPULSION [ 500 PROPULSION [E> 15
ATTITUDE CONTROL 12 ATTITUDE CONTROL 0.9
BALLUTE 2.0 ASSEMBLY & C/O 53
¢ SYSTEMS ENGRG. & INTEGRATION ns
o INITIAL TOOLING ®o
® SYSTEMS TEST MILLIONS OF 1980 DOLLARS
TEST HARDWARE 1226
TEST OPERATIONS 1298 HICLE CHARACTER!
. o ASE 120 STARTBURN MASS 39720 kg
PROPELLANT MASS 18860 kg
* GSE n4 BURANOUT MASS 8650 ko
o SOFTWARE 21 ENGINE THRUST POWER 480 mw
IN 1080
. ® LIAISON DATA 103 ENGINE s e
© PROGRAM MANAGEMENT a“s

Rotating-Bed Rocket DDT&E and TFU Cost Estimate
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DOT&E ($612.9M)
® FLIGHT HARDWARE v.uio..
STRUCTURE
THERMAL CONTROL
AVIONICS
POWER

PROPULSION [T
ATTITUDE CONTROL

® SYSTEAMS ENGRG. & INTEGRATION
e INITIAL TOOLING
o SYSTEMS TEST

TEST HARDWARE
TEST OPERATIONS

® ASE

® GSE

e SOFTWARE

® LIAISON DATA

¢ PROGRAM MANAGMENT

(311.8)

148
1.8
3.2
128
239
12

16.8
133

s
80.4

12
1.2
24
&1
3.4

JEY MM
STRUCTURE 43
THERMAL CONTROL a7
AVIONICS 1.1
POWER 6.0
PROPUSION [ 7.0
ATTITUDE CONTROL o9
ASSENBLY &C.0 4.0

MILLIONS OF 1980 DOLLARS

VEHICLE CHARACTERISTICS

STARTBURN MASS 25300 kg
PROPELLANT MASS 8320 k3
BURNOUT MASS 4740 kg

ENGINE THRUST POWER 15 MW
ENGINE isp 1500 sec

-

{£> INCLUDES $25 M FOR DEVELOPMENT OF LIGHTWEIGHT RECIEVER,$10M FOR POINTER TRACKER, AND

$200 M FOR LASER ENGINE

{i>> INCLUDES $0.5 M FOR RECIEVER,$2.0 M FOR POINTER/TRACKER & $2.5M FOR LASER ENGINE

Figure 3.1-3: Space-Based Laser OTV DDT&E and Cost Estimate

POTAE L

® FLIGHT HARDWARE DESIGN
STRUCTURE
THERMAL CONTROL
AVIONICS
POWER
PROPULSION
ATTITUDE CONTROL

® SYSTEMS ENGRG. & INTEGRATION
® INITIAL TOOLING
o SYSTEMS TEST

TEST HARDWARE
TEST OPERATIONS

® ASE

® GSE

® SOFTWARE

® LIAISON DATA

¢ PROGRAM MANAGMENT

(520.4)
200
142
128

12
180
160

1Q3
844

120
9
2.0

a9
%7

U (401)
STRUCTURE [ 4]
THERMAL CONTROL 1.0
AVIONICS 1.1
POWER - 6.0
PROPULSION [> 10.0
ATTITUDE CONTROL 0.9
ASSEMBLY & C.0. 46

MILLIONS OF 1980 DOLLARS
VEHICLE CHARCTERISTICS

STARTBURN MASS 21200 kg
PROPELLANT MASS 12200 g
BURNOUT MASS €570 &g
ENGINE THRUST POWER S0 MW
ENGINE lsp 1500 soc

(™> INCLUDES $10 M TRACKER, $25 M RECIEVER, $250 M LASER THRUSTER & $150 M SOLAR THRUSTER
(> INCLUDES $2 M TRACKER, $1.0 M RECIEVER, $2.5 M LASER THRUSTER & $2 M SOLAR THRUSTER

Figure 3.1-4: Ground-Based Laser DDT&E and TFU Cost Estimate
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Figure 3.1-6:

COMPONENT
ELECTRIC POWER PLANT

RBR POWERPLANT & SHIELD

- RADIATOR SYSTEM

POWER PROCESSING
FEL SUBSYSTEM
KLYSTRONS & E OPTICS
CAVITY & COOLING

30 METER OPTICS + STABILITY
& CONTROL

GROWTH (15 %)

OPS COST
4SDV LAUNCHES = $383M
3STS LAUNCHES =S 87T M

Figure 3.1-5:

DOI&E (2185)
FLIGHT HARDWARE
SYSTEM ENGR & INTEG.
TOOLING

SYSTEM TEST

SOFTWARE

LAISON

PROGRAM MANAGEMENT
LAUNCH OPS

FLIGHT OPS

D180-26680-3

10MT

1BMT

sMT

1BMT

FLIGHT HARDWARE HARDWARE
DESIGN & DEV UNIT COST
500 100
125 14
7 78
(150) (30}
(400) (30) -
50 10
$1250 M 262 M

1980 DOLLARS

$200 /k3

SEPS PPU

LOCKHEED

3-Md Space-Based Laser Cost Estimate

B x a 8§ 3 B

9

- IFY (300)
FLIGHT HARDWARE 262
ASSEMBLY & C/O »

MILLIONS OF 1980 DOLLARS

3-Md Space-Based Laser DDT&E Cost Estimate
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FL, ..V ARDWARE HARDWARE
MASS DESIGN & DEV. UNIT COST
ELECTRIC POWER PLANT
SOLAR ARRAY (13500 m?) 418 MT 7885 S50
POWER PROCESSING TIEMT 75 0
LASER & CAVITY OPTICS 185 MT 200 >
30 METER OPTICS + STABILITY M7 400 x
& CONTROL
OTHER amT E 18
793 MY $1490 M $650 M
OPS COST
14 SOV LAUNCHES = $308 M

8STS LAUNCHES = S232 M

Figure 3,1-7: 25-MW Space-Based Laser Cost Estimate

DOTAE (2487) JEU (730)

® FLIGHT HARDWARE (1490}

POWER GENERATION 785 POWER GENERATION $50

POWER PROCESSING b ] POWER PROCESSING k ]

LASER SYSTEM 200 LASER SYSTEM x

TRANSMITTER SYSTEM 400 TRANSMITTER SYSTEM 2

OTHER 0 OTHER 15

e SYSTEM ENGR & INTEG. 108 ASSEMBLY & C/O 80
® TOOLING 80
e SYSTEM TEST 17
e SYSTEM GSE 130
e SOFTWARE 40
e LIASON »
PROGRAM MANAGEMENT m
® FLIGHT OPS m

Figure 3.1-8: 25-MW Space-Based Laser DDT&E Cost Estimate
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DOTAE p— TFU x.8)
. ® FLIGHT HARDWARE DESIGN 1642.6)

STRUCTURE 19.0 STRUCTURE a1
THERMAL CONTROL 124 THERMAL CONTROL 09
AVIONICS 22 AVIONICS 11
POWER 128 POWER 80
PROPULSION > a8 PROPLH SION i~ a2
ATTITUDE CONTROL 12 ATTITUDE CONTROL 0.9
BALLUTE 250 ASSEMBLY & C.0. 40

® SYSTEMS ENGRG. & INTEGRATION 202

o INITIAL TOOLING MILLIONS OF 1980 DOLLARS

¢ SYSTEMS TEST w7 VEHICLE CHARACTERISTICS
:,::; x::::::s &: STARTBURN MASS 20300 kg

PROPELLANT MASS 11650 kg
® ASE n2 BURNOUT MASS 5380 kg
ENGINE THRUST POWER 2.3 kg

¢ GsE = ENGINE isp 1100 sec

® SOFTWARE 209

» LIAISON DATA o

o PROGRAM MANAGMENT s

- (> INCLUDES 1500 lby LOX-LHy ENGINE AT $164M AND SOLAR COLLECTOR AT $27M
o > INCLUDES 1500 Iy LOX-LH, ENGINE AT $0.8 M AND SOLAR COLLECTOR AT $0.8 M

Figure 3.1-9: Solar Thermal Rocket DDT&E and TFU Cost.Estimate

FLIGHT HARDWARE HARDWARE UNIT COST ESTIMATING
COMPONENT MASS DESIGN & DEV, COST UNIT COST RELATIONSHIP
WER A Y
('35 we 2&‘,‘, 1600 100 > st SPS/SEPS/FOTV
ELECTRIC PROPULSION (1060} 18 (12
SYSTEM
THRUSTERS (16} 2% 14 45 $0.4 M TFU x 0.710
PPU (DIRECT DRIVE) 500 48 &8 $0.6 M TFU x 0.710
TCU ' 100 e o $4000/kg
STRUCTURE 120 a4 a2 $2000/kg
TANKAGE 100 2.8 01 $1000/kg
v AVIONICS (700, (32 (1o FOTV
OTHER ) (12) ™) FOTV
ToTAL 3700kg s162 M $79M ’

- > DDT& E COST 1980 DOLLARS

3.1-10 Advanced Solar Photovoltaic-Ion Cost Estimate
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FLIGHT

HARDWARE HARDWARE COST ESTIMATING
COMPONENT MASS DESIGN & DEV. UNIT COST RELATIONSHIP
POWER SOURCE (43) (18)
CONCENTRATOR 200 12 as $300/M 2 + $250k
CAVITY/RERADIATOR 470 10 a5 $9,000/kg + $300 k/m?
{structure) (solar ceils)
RADIATORS 230 n 1 pubbuiy
ELECTRIC FROPULSION 11740 (24 an SPS/SEPS/FOTV
THRUSTERS (14) 210 14 40 $0.4 M TFU 2 0.718
U 1000 7.1 1.8 $1.17 M TFU x 0.718
Teu 200 (%4 as " 34000/kg
STRUCTURE 210 59 02 $1000/kg
TANKAGE 120 29 a1 $1000/kg
AVIONICS {510) (38) ) FOTV
OTHER a0 (12 s FOTV
TOTAL 6850 kg $119 M s50M 1980 DOLLARS
3.1-11 SPV-Ion DDT&E and TFU Cost Estimate
DOT&E 18200 TFU (1an
o FLIGHT HARDWARE 182
POWER GENERATION 100 POWER GEMERATION 58.4
THRUSTERS 14 THRUSTERS &3
wu as PPU 9.0
STR,TANK & TCU 1s STR.TANK & TCU 07
AVIONICS r AVIONICS 12
OTHER {RCS & EPS) 12 OTHER s
o SYSTEM ENGRG. & INTEG. 14 ASSEMBLY & C/0 wo
® TOOLING .
o SYSTEMS TEST MILLIONS OF 1980 DOLLARS
TEST HARDWARE 194
HICLE CHARACTERISTI
TEST OPERATIONS ™ YE CTERISTICS
12 STARTBURN MASS 17800 kg
* ASE PROPELLANT MASS 2310 kg
* GSE 2 BURNOUT MASS 3700 &y
ENGINE THRUST POWER 313 kw
® SOFTWARE " ENGINE Isp 8000 sec.
o LIAISON/DATA MANAG. ]
o PROGRAM MANAGEMENT »

3.1-12 Thermophotovoltaic-Ion OTV Cost Estimate
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DOT&E (480) TFU 70

® FLIGHT HARDWARE (119
POWER GENERATION 4 POWER GENERATION 206
THRUSTERS 14 THRUSTERS s.e
mu 7.1 rPU 164
STR,TANK & TCU 1’s STR,TANK & TCU 1.4
AVIONICS * AVIONICS 12
OTHER (ACS & EPS) 2 STHER 5

® SYSTEM ENGRG. & INTEG. 1 ASSEMBLY & C/0 20

® TOOLING 19 VEHICLE CHARACTERISTICS

e SYSTEMS TEST STARTBURN MASS 21840 kg
TEST HARDWARE . PROPELLANT MASS 2780 kg
TEST OPERATIONS “ BURNOUT MASS 6250 kg

ENGINE THRUST POWER 219 kw

e ASE 12 ENGINE Isp 6000 sec.

e GSE k<]

e SOFTWARE u

® LIAISON 10

® PROGRAM MANAGMENT »

3.1-13 TPV-Ion DOTE and TFU Cost Estimate

FLIGHT HARDWARE HARDWARE UNIT COST ESTIMATING

COMPONENT MASS DESIGN & DEV. COST  UNIT COST RELATIONSHIP
NUSCOI.UERACREPOWER (7490) = (400) . oA\:so s:::e:ln P(susu
[ 374 kwe ] oon.s-s:?ou
@ =20 kg/kwe unIT gﬁTﬁﬂs M
ELECTRIC PROPULSION (2100} (26) (22) SPS/SEPS/FOTV
THRUSTERS (18) 50 1.4 51 $0.4 M TFU x 0.703
PPU 1200 7. 148 $1.17M TFU x 0.703
TCU 240 7.4 1.8 $4000/kg x 2
STRUCTURE 250 a4 a3 $1000/kg
TANKAGE 180 a7 02 $1000/kg
AVIONICS (510 (38) (10) FOTV
OTHER {600) (12) {s) FOTV
TOTAL 10,700 kg SATIM sTm 1980 DOLLARS

3> DOT& E COST

3.1-14 Nuclear Thermoelectric-Ion OTV Cost Estimate
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DDTAE
o FLIGHT HARDWARE

(8:38)

POWER GENERATION

THRUSTERS
mu

STR,TANK & TCU

AVIONICS

OTHER (RCS&EPS)
e SYSTEM ENGRG. & INTEG.

o TOOLING
® SYSTEMS TEST

TEST HARDWARE
TEST OPERATIONS

® ASE

o GSE

e SOFTWARE
e LIAISON

® PROGRAM MANAGMENT
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TFU (120)

POWER GENERATION
THRUSTERS

reu

STR,TANK &TCU
AVIONICS

OTHER

ASSEMBLY & C/0

YEHICLE CHARACTERISTICS

STARBURN MASS
PROPELLANT MASS
BURNOUT MASS
ENGINE THRUST POWER
ENGINE isp

3.1-15 NPS-Ion DDT&E and TFU Cost Estimate

45
73
1.1

12

288

28340 kg
3640 kg
10700 kg
263 kw
6000 mc

CHEMICAL NUCLEAR SPACE-BASED GROUND BASED SOLAR
ABOTV RBR LASER LASER ABOTV

® STAGES

e ADVANCED
oTVvs
FLEET SI12€
PLANETARY
FLIGHTS
WEAROUT
e CHEMICAL
oTVs

MANNED
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PLANETARY
FLIGHMTS
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(10 FLIGHTS/ENGINE)

¢ CHEMICAL
(20 FLIGHTS/ENGINE)
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3.1-16 Production Quantities for High-Thrust
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® STAGES

® ELECTRIC  iomission LIFETIME)

FLEET SIZE
PLANETARY
FLIGHTS

WEAROUT

© CHEMICAL (40 MiSSION LIFETIME)

MANNED
oTVs

PLANETARY
FLIGHTS

® ENGINES
ION (10 FLIGHTSVENGINE)
CHEMICAL (20 FLIGHTS/ENGINE)

*SPARES

SPV-ION

"

240+32°

8+2°

TPV-ION

”»

210+ 28°
8+2°

NPS—ION

"

270 + 36*
8+2°

3.1-17 Production Quantities for Low-Thrust Concepts

' CHEMICAL NUCLEAR  SPACE-BASED  GROUND—BASED SOLAR

DOTA E COSTS ABOTV RBR LASER LASER ABOTV
Aaricen - 1060 s 5 780

raaariy ] - s 95 5
pavisatiild - 100 2485 50 -

{25 MW FEL) {200 Mw E£DL)
PRODUCTION COSTS
ADVANCED OTVs - 1000 %5 570 a5
M -

CHEMICAL SUPPORT . s % %
PECULIAR SUPPORT

SYSTEMS - 2 _ _
TOTAL 1070 2180 5480 2140 2010

COSTS IN MILLIONS OF 1980 DOLLARS

3.1-18 High-Thrust System Acquisition Costs
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SPV—ION TPV-ION NPS—ION
DOT & E COSTS

ADVANCED OTV's 820 430 L
CHEM SUPPORT OTV's 95 96 (]
SUPPORT SYSTEMS - - 100
PRODUCTION COSTS
ADVANCED OTV's (15) 1755 1128 1978
SUPPLEMENTARY CHEM OTV's (2 90 90 90
éunon‘r SYSTEMS - - 2
TOTAL ACOUISTION COST 3060 2390 37e

COST iN MILLIONS OF 1960 DOLLARS

3.1-19 Low-Thrust System Acquisition Costs

APCS-284 CHEMICAL | NUCLEAR | SPACE-BASED | GROUND-BASED { SOLAR | spv | TPv | nps
ABOTY RBR LASER OTV | LASER OTV ABOTY | ron | JON | ION
YEARLY COSTS
$30M/YR SPACE-BASED .
OPERATIONS 480 480 480 480 480 480 480 480
36-8 M/YR GROUND 9 % 9 9 o | 130 | 13| 130
FLIGHT RELATED
COSTS
$2.75M/YR FLIGHT 720 1220 850 8s5 930 855 | 815 | 1070
OPS + EXPENDABLES {1x+0.5) (2.0x) (1.5x) (1.5x) (1.2x  }(1.5x)] (1.4x)] (2.0x)
+1.3)
TOTAL 0TV OFS 1295 1795 1425 1430 1505 1465 1425 1680

CoSTS

COST IN MILLIONS OF 1980 DOLLARS

3.1-20 OTV Operations Costs - Low Model
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3.0 SUMMARY COST PRESENTATION

This section summarizes the life cycle costing of the eight mission
scenarios corresponding to the low mission model and the five mission
scenarios corresponding to the high mission model. The cost estimation has
been divided into two subsections: relative total life cycle cost estimates
for the low model are in section 3.1; section 3.2 covers the life cycle cost
estimates for the high model.

3.1 [ow Model Life Cycle Costs

System Acquisition Costs - The system acquisition costs are the DDT&E and

production costs for each of the vehicle types involved in a particular
scenario. For the scenarios examined here, the vehicles usually required
were: (1) the chemical ABOTV used for the manned portion of the mission
model; (2) the advanced propulsion vehicle used for the delivery and planetary
missions; (3) the reusable shuttle-derivative wvehicles used to launch the
vehicles, equipment, and propellant tankers into LEO; and (4) the tanker
vehicles used to carry propellants into LEO.

DDT&E and TFU costs for each OTV type and two sizes of spacé-based laser
are presented in Figures 3.1-1 through 3.1-15. The methodology used was
discussed in the previous section and assumptions are shown on each figure.
Note that the test hardware for the electric vehicles was equivalent to only 1
TFU and not 2.75 TFU's as assumed for the thermodynamic rockets (this is
because of the modular test approach possible with electric vehicles), The
data are arranged in the same format and with the same headings as the WBS
presented earlier.

Production costs were estimated using the production quantities shown in
Figures 3.1-16 and 3.1-17 and the production learning curves shown in Figure
2.4-2. The resultant system acquisition costs for the various OTV's and their
individual support systems are shown in Figures 3.1-18 and 3.1-19. These do




g D180-26680-3

SPACE BASED  NUCLEAR  SPACE BASED GROUND BASED SOLAR THERMAL

CHEMICAL ROTATING LASER LASER ROCKET
QTY SYSTEMS ABOTYV ROCKET _+ COTV + COTV + COTY
DDTLE 895 1150 s 2080 1475
PRODUCTION 365 1030 1685 660 535
OPERATIONS 1296 1795 1425 1430 1505
2155 3975 6885 4170 515
DOTRE 218 310 410 410 410
PRODUCTION 100 80 130 130 130
OPERATIONS 200 125 35 _55 55
SDv/RPS 515 515 s7s 595 595
DOTRE -~ 1100 1100 1100 1100 1100
PRODUCTION 450 450 450 450 450
QPERATIONS 3080 2ass 070 1935 189%0
SIS 4630 3705 3620 3485 3440
DOTE - - - - -
PRODUCTION - - . - - -
OPERATIONS 1860 1860 1860 1860 1860
TOTAL LCC 9360 10055 12940 10110 9410

COST IN MILLIONS OF 1980 DOLLARS

N - -

3.1-21 Life Cycle Cost Summary by Hardware Element -
High-Thrust Concepts

SPV=1ON “TPV-10N NPS-10ON

QY SYSTEMS + cotv + COTV & _COTV
DDTRE 1218 1175 1740
-PRODUCT 10N 1845 1218 1995
OPERATIONS 1465 1425 1680
4525 3815 5415
SDV/RPS
DDTLE 1100 1100 1100
PRODUCT I ON 450 450 — 450
OPERATIONS 1165 1210 1255
. 2ns 2760 2805
- LOTY TANKER
DDTEE 215 215 218
PRODUCTION 70 70 70
OPERATIONS _65 ~65 65
. 350 350 350
SIS
DDTEE - - .
PRODUCTION . - -
OPERATIONS 1860 1860 1860
TOTAL LCC 9450 8785 10430

- COST IN MILLIONS OF 1980 DOLLARS -

3.1-22 Life Cycle Cost Summary by Hardware Element -
Low-Thrust Concepts
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APCs-300 - 15.6 e LOW MISSION MODEL
= ) OLLARS
T/s‘- e 1980 D
[} - -
! 'cosr : 1 soz Increase
‘ 1t IN LAUNCH COST
T 4 0 p-- i 1
12 e — I e
Yoo t ———— i 4 o] INTEREST
[] 1 * ] - 1 ] i I 1 MURING
[ «1 Ay [ Vo i 4§ DELIVERY
1 : ! : w8 ) 1 ' ' .
Lce + 1 E I
IN HE R
BILLIONS Lo
/ LAUNCH
8 4 / g oPs
[/
s
. | PRODUCTION
4 /A DDT&E
// /2
O AEROBRAKED NUCLEAR 5. B. G.B., SOLAR __ sPY TPV NPS
CHEMICAL 0Tveggr LASER  LASER  ABOTV  ION 108 10N
(cotv) + COTVY + COTV + COTV + COTv + COTV + CoTV
. 3.1-23 LIfe Cycle Cost Summary Chart
DOTE E  (342.4) TFU  (x.5)
® FLIGHT HARDWARE DESIGN (83)
PROPULSION ") PROPULSION 7.5
AVIONICS 3 AVIONICS 12
OTHER 50 OTHER 1
® SYSTEM ENGR. & INTEGRATION 8 AssYgc/o 4
® INITIAL TOOLING 12.1
® TEST HARDWARE 121.9 VEHICLE CHARACTERISTICS
® TEST OPERATIONS 53.4 STARTBURN MASS 185400 kg
o ASE 12 PROPELLANT MASS 113400 kg
BURNOUT MASS  2X(5120) kg
® GSE 10 ENGINE THRUST 2X(198000)N
® SOFTWARE 10.6 ENGINE lsp. 485 sec.
® LIAISON/DATA 6.1 MILLIONS OF 1980 DOLLARS
® PROGRAM MANAGEMENT 25.3

3.2-1 Large Chemical ABOTV DDT&E and TFU Cost Estimate
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not include the DDT&E and production costs of thé shuttle-derivative launch
vehicles or the tankers. These numbers were calculated separately, using data
obtained from Reference 1, and are shown in the LCC summaries.

Operations Costs - Operations cost estimates for the low mission model

are summarized in Figure 3.1-20. The methodology used has already been
discussed and is summarized in the figure.

Life Cycle Costs - Life cycle costs are the combined total of DDT&E,
production, and operations costs over the 16 vears of the mission model.

Sumaries of the life cycle cost estimates divided into hardware elements are
shown in Figures 3.1-21 and 3.1-22. Note that these cost estimates include
the costs of developing and producing the shuttle-derivative vehicles and the
propellant tankers as well as the OIV's,

Life cycle costs for the low model are summarized in Figure 3.1-23.
Costs are those shown in the previous figures except interest charges during
delivery have been added. Interest charges were calculated by (1) adding the
cost of the payload (assumed to average $100M) to the launch costs of the
payload and propellants and to the cost of the propellants themselves and (2)
then determining the interest accrued (at 15% annual interest) on this amount
during the LEO to GEO delivery time. This interest cost is equivalent to the
interest paid by a user on the money invested at the time of launch until the
time the payload is deployed and begins earning revenue. The interest costs
over the life of the mission model vary from negligible for the high-thrust
concepts (which deliver in 1/2 day) to $1.5B for the NPS-ion vehicle (which
requires 220 days). Also shown in Figure 3.1-23 is the increase in LCC if

launch costs increase 50% as expected.
3.2 High Model Life Cycle Costs

ICC's for the high model were calculated in the same manner, using the
same rules as LCC's for the low model. In fact, the high model contains the

low model as a subset and thus can be incremented from it by adding the large
vehicles and extra missions required. '
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DDTSE (478.7)

® FLIGHT HARDWARE DESIGN

PROPULSION
AVIONICS
OTHER

SYSTEM ENGR. & INTEGRATION
INITIAL TOOLING

TEST HARDWARE

TEST OPERATIONS

ASE

GSE

SOFTWARE

LIAISON/DATA

PROGRAM MANAGEMENT

0180-26680-3

(113)

19
24.8
1n.s
S8

12

18

19
8.4
u.7

TR (s1.)
PROPULSION 15
AVIONICS 12
OTHER 18

¢
©
[}

VEHICLE CHARACTERISTICS

STARTBURN MASS 122500 kg
PROPELLANT MASS 50100 kg
BURNOUT MASS 11760 kg
ENGINE THRUST POWER 460 M
ENGINE Isp 1050 sec.

MILLIONS OF 1980 DOLLARS

-

3.2-2 Large Nuclear RBR DDT&E and TFU Cost Estimate

DDTLE (s27.7)

FLIGHT HARDWARE DESIGN

PROPULSION
AVIONICS
OTHER

SYSTEM ENGR, & INTEGRATION
INITIAL TOOLING

TEST HARDWARE

TEST OPERATIONS

ASE

6SE

SOFTWARE

LIATSON/DATA

PROGRAM MANAGEMENT

(175)
100

11.3
2.7
162.9
63.5
12
14.3
15
8.4

JU s

PROPULSION [> il.9

AVIONICS 12
OTHER 18.6
ASSEMBLY & c/0 5.5

3.2-3 Large Solar ABOTV DDT&E and TFU Cost Estimate
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DDT2E (493.3)

FLIGHT HARDWARE DESIGN (64)
PROPULSI1ON 22
AVIONICS 3
OTHER »

SYSTEM ENGR. & INTEGRATION 6.3

INITIAL TOOLING 0.

TEST HARDWARE 268.3

TEST OPERATIONS 8.3

ASE 12

GSE 8

SOFTWARE 8.4

LIAISON/DATA 9.2

PROGRAM MANAGEMENT 38.2

TR (228)
PROPULSION [> 180
AVIONICS 12
OTHER 8
ASSEMBLY & c/o0 2

(> $45/WATT SOLAR ARRAY
35/YEAR PRODUCTION RATE)
$1IM TFU THRUSTER + PPU

3.2-4 Large SDV-Ion DDT&E and TFU Cost Estimate

DDTLE (460)

FLIGHT HARDWARE DESIGN (91)
PROPULS10N k13
AVIONICS 3
OTHER L]

SYSTEM ENGR., & INTEGRATION 8.9

INITIAL TOOLING 5.5

TEST HARDWARE 180.3

TEST OPERATIONS 6.1

ASE 12

GSE 1.2

SOFTWARE 1.8

LIAISON/DATA 8.4

PROGRAM MANAGEMENT H.6

I (4

PROPULSION == 109
AVIONICS 12
OTHER 10

ASSEMBLY & ¢/0 17

MILLIONS OF 1980 DOLLARS

PROPULSION TFU

$3.0 CONCENTRATOR

$11.5 CAVITY & RERADIATOR
.5 RADIATORS ($200/kg)
$90 THRUSTERS & PPUS

(DIRECT DRIVE)

3.2-5 Large TPV-Ion DDT&E and TFU Cost Estimate
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STAGES
ADVANCED OTV'S

FLEET SIZE
WEAR OUT
CHEMICAL OTV'S
FOR ADDITIONAL
MANNED MISSIONS

" ENGINES

ADVANCED
ROPULSION

D180-26680-3

CHEMICAL NUCLEAR SOLAR

10 FLIGHTS/ENGINE)

ABOTY RBR ABOTV
4 2 2
16 18 18
i - 1

— 8 +2° B +2°
114 2 2

?HEH!CAL
20FLIGHTS/ENG INE)

®SPARES

sPyY
10N

3600

3.2-6 Production Quantities for Vehicles Unique to High Model

DDTLE COSTS

OW MODEL OTV.
ADV, & COTvVS

NEW HIGH MODEL
oTvS

PRODUCTION COSTS

LOW MODEL
ADVANCED OTVS

HIGH MODEL
ADVANCED OTVS

CHEMICAL SUPPORT
oTvsS

3.2-7

CHEMICAL  NUCLEAR SOLAR
ABOTV RBR ABOTY
695 1150 1475
0 480 530
1035 1630 2005
s 1000 a5
860 1890 1335
— - 135
1235 2890 1915

High Model Systems Acquisition Costs

MILLIONS OF 1980 DOLLARS
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SPV
10N

1215

495
1710

1755

135
8570

TPV
10N

1175

1635

1125

5360

6620
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£
CHEMICAL | NUCLEAR SOLAR sev-1oN | TPv-1om
ABOTY RBR OTV | ABOTV + COTV + COTV
+COTV
‘ YEARLY COSTS (1995-2004)
$30 M/YR SPACE-BASED OPS 300 300 300 300 _ 300
$6-8 M/YR GROUND SUPPORT ) 60 60 80 80
YEARLY COSTS (2005-2010)
$150 M/YR SPACE-BASED OPS 750 750 7% 750 750
$30-40 M/YR GROUND SUPPORT 180 180 180 240 240
FLIGHT RELATED COSTS
LOW MODEL VEHICLES 720 1220 1020 1050 1050
$2.75M/FLIGHT + EXPENDABLES| (1x40.5) (2.0x) [(1.2x+1.3)]  (1.5%) (1.5x)
HIGH MODEL VEMICLES 2850 2470 2850 2140 2140
$3.25 M/FLIGHT + EXPENDABLES| (2x+1.0) (2.0x) K1.2x+3.6) 11.5) (1.5)
TOTAL OTV OPS COSTS 4860 4580 5160 4560 4560
COSTS IN MILLIONS OF 1980 DOLLARS
- _ 3.2-8 OTV Operations Costs - High Model
CHEM NUC SOLAR sPV TPV
ABOTV RBR ABOTV 10N 10N
CAPITAL COST,$M 205 165 160 140 145
AT ,DAYS 0.5 1.0 24 180 180
"‘IESE?LE.??"‘" .039 0.063 1.477 9.9%0 10.346
. HIGH MODEL, $ - 3.5 167 1262 1466

INTEREST COST

3.2-9 Interest Costs - High Model
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SPACE-BASED NUCLEAR SOLAR THERMAL SPY TPY

CHEMICAL ROTATING ABOTY 10N ION
ABOTV BED ROCKET +COTV +COTV +COTV
OTV SYSTEMS _—
DTS E 1035 1630 2005 1710 1635
PRODUCTION 1238 2890 1915 8570 6620
OPERATIONS 4860 4980 5160 4560 4560
7130 9500 9080 14840 12815
TANKER :
DDTS E 215 310 410 asn 2e0
PRODUCTION 275 (20) 260 (10) 240 (8+2) 85 (242) 100 (3+2)
OPERAT IONS 495 s 295 205 220
E43 k711 T40 670
SOV/RPS
DDTE E 1100 1100 1100 1100 1100
PRODUCTION 2250 (10) 1125 (5) 1125 (5) 450 {2) 450 (2)
OPERATIONS 33130 16465 14520 5545 7095
BB 18,690 16,745 7095 B84
INTEREST DURING
DELIVERY 15 3.8 167 1242 1466
TOTAL LCC 44610 29080 26940 23815 23895

COSTS IN MILLIONS OF 1980 DOLLARS
-

3.2-10 Life Cycle Cost Summary by Hardware Element for High Model

e T SOLAR sPY ™Y

CHEM NUC ABOTY 10N ION

ABOTV RBR +COTV +coTY +COTV

S DOTe € 2350 3040 3515 3160 2085
PRODUCTION 3760 42718 1200 9108 7170
OPERATIONS 38,485 21,760 19,975 10,310 11,875
INTEREST - 1.8 167 1242 1466

TOTAL LCC 44,610 29,080 26,940 23,818 23,495

3,2-11 High Model LCC by Category
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TOTAL 3¢
LCC

BILLIONS

OF 1980
DOLLARS

20

10
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VOPERATIONS
]
NN\ INTEREST
PRODUCTION
2 2
2% 70 /4 T V) oo
CHEM NUCLEAR 'SOLAR SPV TPV
ABOTY RBR ABOTV ION ION
+ COTV + COTV + COTV

3.2-12 Life Cycle Cost Summary Chart - High Mission Model
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DDT&E and TFU costs for the high model are shown in Figures 3.2-1 through
3.2-5. The new large OTV's were assumed to be delivered in 2005, some 10
years after the smaller vehicles associated with the low model, and resulted
in the avionics and propulsion DDT&E portions being costed at 10% of the
values used for the low model. This savings was due to the assumption that
the same technology would be used on the later high model venhicles as had been
developed for the low model vehicles., OTV production quantities and system
acquisition costs for the high model are summarized in Figures 3.2-6 and
3.2-7.

OTV operations costs for the high model were calculated using the same
ground rules as before. The yearly costs are calculated in two periods:
the first, 1995-2004, is identical with the low model; the second, 2005-2010,
has extensive flight operations leading up to the first solar power satellite
(SPS) amd is costed separately (see Figure 3.2-8 for the operations costs
breakdown) .

Interest charges for the high model are shown in Figure 3.2-9. The
interest was not charged for bulk cargo deliveries (e.g. nuclear waste
disposal (NWD) and SPS demo) since they are not revenue-generating payloads.

ICC's for the high model are summarized in Figures 3.2-10 and 3.2-11.
For the high model there appear to be significant differences in LCC's between
propulsion concepts. This is because launch costs beginb to predominate for
this large mission model and the number of launches is largely a function of
upper stage specific impulse. High model LCC's are shown in Figure 3.2-12.
Observing -the very large operations cost (mostly launch costs) of the chemical
ABOTV, it appears that an investment in a heavy 1lift launch vehicle (HLLV) at
the beginning of the high model would be a wise move. In this manner, an
expenditure of $5B to develop an HLLV by 2000 could save roughly half of the
$30B spent on fuel launches between 2000 and 2010. Development of an HLLV
also appears to be cost effective for the nuclear rotating-bed rocket (RBR)
and solar thermal ABOTV scenarios. Possible development of a new generation
of launch vehicles was not part of this study amd was not pursued any further.
It does appear, however, that with the high model, we have reached the point

where development of an HLLV is economically justifiable.
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